ABSTRACT
INTRODUCTION
Several works have been reported [1] [2] [3] [4] involving the use of different acids for the leaching of iron oxide ore. Also attempts have been made to leach pyrite using strong oxidizing agent like hydrogen peroxide because of the inert nature of the pyrite.
Ambikadevi and Lalithambika [5] found oxalic acid (0.05-0.15M) to be the best extractant for removing iron from iron compounds. The dissolution was found to increase with acid concentration within the range (0.05-0.15M) studied. Both hydrogen ions and oxalate were increased in this case. Using 0.15M oxalic acid approximately, 70% of the iron could be extracted from a slurry (20%w/v) containing 0.93% iron oxide (of goethite and haematite phases) at 100 0 C within 90mins. The iron oxide concentration in the leach is equivalent to 1.86g/L Fe 2 O 3 . A study of the electrochemical dissolution of haematite (α-Fe 2 O 3 ), maghetite, (γ-Fe 2 O 3 ), goethite, (α-FeOOH) and lepidochrocite, (γ-FeOOH) inhydrochloric and oxalic acid using voltammetry [6] indicated that the hydroxyl-oxides of FeOOH can be reduced also via soluble Fe(III) species at 0.6-0.8 V (vs Ag-AgCl), where as haematite and maghetite dissolve only via direct reduction of the solid at -0.55 to -0.60V (vs AG-AgCl). These potentials were determined as peaks on voltammograms conducted with stationary electrodes made from these iron oxides and hydroxyl-oxides. This fundamental study [6] on the electrchemical behaviour of different types of iron oxides confirms the electrochemical nature of haematite reductive dissolution. This further explains why it is easier to dissolve hydroxyl-oxides such as goethite where dissolution can take place via both reduction (solid and aqueous species) and complexation [7] whereas haematite dissolves mainly via solid reduction [8] . Oxalate can easily be reductant for such a process, as shown in its Eh-pH diagram [9] .
Lee et al. [10] reported that dissolution of haematite in oxalic acid is via a reductive mechanism which made Fe(III) non-existent in the solution. The overall reaction was therefore reported [10] as a redox reaction, forming two half cells: Oxidation of oxalate to form carbonic acid or carbon dioxide: ( 3) The overall reaction indicates that species involved in the leaching would be hydrogen ions, oxalate and iron oxide (haematite particles).
Model for computational analysis of the concentration of dissolved haematite and heat absorbed by oxalic acid solution during leaching of iron oxide ore has been derived [11] . Vol.8, No.5 Model for the Calculation of the Concentration of Dissolved Hematite 341
The model also indicates that the concentration of haematite dissolved during the leaching process is directly proportional to the final pH of the leaching solution and inversely proportional to the weight input of the iron oxide ore. It was also found [11] that values of Q obtained from both the experiment and model agree to the fact that leaching of iron oxide ore using oxalic acid solution is an endothermic process, hence the absorbed positive heat energy by the leaching solution. The quantity of heat energy absorbed by the oxalic acid solution during the leaching process was found to be directly proportional to the weight input of the iron oxide ore. These results were obtained at initial pH 6.9, average grain size of 150µm and leaching temperature of 30 0 C. The constants of proportionality K and K C associated with the derived model were evaluated to be 0.0683 and 66.88 respectively.
It has been found [12] that increasing the concentration of HCl results in a significant reduction in the rate of pyrite dissolution. The report also states that hydrochloric acid has an inhibiting effect on the oxidation of pyrite. This was attributed to chloride ions which are known to have a high tendency for adsorption. Also the formation of chloride complexes of iron (III) was found [12] to be possible, resulting in a decreasing concentration of the free iron (III) ions. However, no work has been reported on the effect of chloride ions and HCl concentration on the dissolution of iron during leaching of iron oxide ore.
Nwoye [13] derived a model for the computational analysis of the solution temperature during leaching of iron oxide ore in hydrochloric acid solution. The model is expressed as:
where T= Solution temperature during leaching of iron oxide ore using hydrochloric acid.( 0 C) N= 8.9055(pH coefficient for hydrochloric acid solution during leaching of iron oxide ore) determined in the experiment [13] . γ = Final pH of the leaching solution at the time t when the solution temperature is evaluated.
The model is dependent on the value of the final pH of the leaching solution which was found to also depend on the concentration of iron dissolved in the acid. The prevailed process conditions on which the validity of the model depended on include: initial pH 2.5, leaching time; 30 minutes, leaching temperature; 25 o C, average ore grain size; 150µm and hydrochloric acid concentration at 0.1mol/litre. The mixed potential model of leaching assumes that the charge transfer processes occurring at the mineral surface are those that control the rate of dissolution [14] .
The dissolution of iron ore has been investigated in the presence of oxygen at elevated temperatures and pressures [15] [16] [17] [18] [19] . The result of the works indicates that presence of oxygen enhances dissolution of iron. The use of hydrogen peroxide as the oxidizing agent for 5 hydrometallurgical processes has been increasingly studied. McKibben [15] studied the kinetics of aqueous oxidation of pyrite by hydrogen peroxide at pH 1-4 and 293-313K.
Model for computational analysis of heat absorbed by hydrogen peroxide solution (relative to the weight of iron oxide ore added) has been derived [20] . The values of the heat absorbed Q as predicted by the model were found to agree with those obtained from the experiment that the leaching process is endothermic in nature hence the positive values of Q and the absorbed heat. The deviations of the predicted Q values from the experimental values were found to be within the acceptable range. The model was found to be dependent on the weight of iron oxide ore added to solution in the course of leaching.
The model is stated as:
where Q= Quantity of heat energy absorbed by hydrogen peroxide solution during the leaching process (J) N= 1.04 (Weight-input coefficient) determined in the experiment [20] . W = Weight of iron oxide ore used (g) The present work is aimed at deriving a model for the calculation of the concentration of dissolved haematite during leaching of Itakpe (Nigeria) iron oxide ore in hydrogen peroxide solution.
MODEL
Hydrogen ions from the hydrogen peroxide attack the iron oxide ore within the liquid phase in the presence of oxygen. This simultaneously facilitates and enhances the reductive dissolution of haematite. The ore (solid phase) was assumed to be stationary, and contains the un-leached iron.
Model Formulation
Results of research work [21] previously reported (as in Table 1 ) were used for this work for the formulation of the model.
Computational analysis carried out on the experimental data from the previous work [21] as shown in Table 1 Equation (6) is the derived model. 
BOUNDARY AND INITIAL CONDITION
Leaching solution of hydrogen peroxide was placed in a cylindrical flask 30cm high just after iron oxide ore was placed in the same flask. The leaching solution was stationary. The flask (containing the extractant and ore) was assumed to be initially devoid of attached bacteria and other micro organisms. Oxygen (atmospheric) was assumed to have affected the leaching process at its initial stage. Weights input ranging from 6-42g of iron oxide ore was used. The leaching process conditions used include: initial pH6.8, leaching time; 30 minutes, leaching temperature;25 o C, average ore grain size;150µm and hydrogen peroxide concentration at 0.28mol/litre.
Since the cylinder was open at the top, the boundary conditions were assumed to include atmospheric levels of oxygen at the top and bottom of the ore particles in the liquid and gas phases respectively. The sides of the iron oxide ore particles were assumed to be symmetrical. Also a zero gradient for the liquid scalar were assumed at the bottom of the particles and also for the gas phase at the top of the particles. 
MODEL VALIDATION
The formulated model was tested for its validity by evaluation and statistical analysis of the deviations (of the model-predicted values of dissolved haematite) from the corresponding experimental values [21] . Comparison between these values (model-predicted and experimental) reveals deviations. This was believed to be as a result of non-consideration of the physiochemical interactions between the ore and leaching solution as well as the surface properties of the ore which were found to have played vital roles during the leaching process [21] .
Deviation (Dv) (%) of model-predicted values of dissolved haematite from the corresponding experimental values [21] is evaluated by: The model-predicted values of the dissolved haematite become exactly equal to those of the corresponding experimental values on addition of the CR values evaluated from equation (10).
RESULTS AND DISCUSSION
Statistical analysis and comparison of the concentrations of dissolved haematite as predicted by the model and as obtained from the experiment [21] , show positive and negative deviations, which invariably depicts the reliability and validity of the model. This is shown in Table 3 . These deviations (positive and negative) of the model-predicted concentration of dissolved haematite were found to be less than 30% which is quite within the acceptable deviation limit of experimental results. The validity of the formulated model is rooted on equation (6) where both sides of the equation are almost equal (comparing Tables 1 and 2 ). Table 2 also agrees with equation (6) considering the values of %Fe 2 O 3 from the experimental result [21] and the values of %Fe√(µ) 1/3 evaluated from Table1. The model indicates in equation (7) that the dissolved % ratio of extreme oxidation stage of iron to that of its extreme reduction stage is approximately equal to one-sixth (1/6th) power of the weight input of iron oxide ore during the leaching process. 
CONCLUSION
The model calculates the concentration of dissolved haematite in relation to the concentration of dissolved iron and weight input of iron oxide ore during hydrogen peroxide leaching of Itakpe iron oxide ore. The validity of the model is rooted on equation (6) where both sides of the equation are correspondingly almost equal. The deviation of the model-predicted concentration of dissolved haematite from the corresponding experimental values is less than 30% which is quite within the acceptable range of deviation limit of experimental results. The model indicates that the dissolved % ratio of extreme oxidation stage of iron to that of its extreme reduction stage is approximately equal to one-sixth (1/6th) power of the weight input of iron oxide ore during the leaching process.
